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MIXING  AND  COMBUSTION  PROCESSES  IN 
RAM  ROCKETS  AND  OTHER  AFTERBURNERS 


IVinceton  University  - Phase  7 


J.  V.  Charyk,  Phase  Leader 
I.  Glassman^  J.  E.  Scott,  Jr. 


Introduction 


A ram  rocket  power  plant  provides  an  excellent  arrangement  for  the 
investigation  of  the  mixing  and  burning  of  two  parallel  gas  streams,  one 
subsonic  and  the  other  supersonic,  with  large  differ,ences  in  initial 
stagnation  temperature.  The  use  of  monopropellant  rocket  fuels  permits 
one  to  cover  a wide  range  of  secondary  energy  release  values  and,  in 
some  instances  to  control  afterburning  so  that  the  direct  effect  of 
energy  release  on  the  mixing  process  can  be  determined.  Further,  the 
exhaust  products  of  raethylacetylene  monofuel  contain  a large  portion  of 
soli.d  carbon  parx-iclesj  consequently  the  effects  of  a solid  phase,  and 

possible  long  reaction  times  compared  to  aerodynamic  times,  can  be 
conveniently  .studied. 
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Discussion 


Quantitative  information  on  the  mixing  and  burning  processes 
occurring  in  a ram  rocket  is  now  oeing  obtained  in  an  arrangement 
consisting  of  a monoprop>elIant  rocket  in  an  afterburner*  The  particular 
afterburner  being  used  is  so  constructed  that  it  is  sectionaXly  cooled 
and  has  static  pressure  taps  every  two  Inches  axially  along  xts  length. 
Additional  openings  have  been  provided  for  entrance  of  a pneumatic 
traversing  probe  in  order  to  permit  velocity,  ten^^erature,  and 
concentration  profiles  to  be  taken.  The  air  is  supplied  to  the  burner 
by  a system  of  centrifugal  blowers.  Details  of  construction  and 
preliminary  results  have  been  recorded  previously  (1). 

Figtire  1 exemplifies  a characteristic  static  pressure  distribution 
of  eui  experimental  test  with  both  mixing  and  burning  of  the  air  and 
rocket  exhaust  streams.  The  mixing  and  burning  distributions  obtained 
appear  to  consist  of  three  Integral  parts.  The  first,  closest  to  the 
rocket,  suggests  that  initially  there  is  very  little  mixing  of  the 
supersonic  rocket  exhaust  jet  and  air;  consequently,  little  or  no  static 
pressure  change.  This  very  slight  initial  spreading  or  mixing  of  a 
supersonic  jet  has  been  predicted  analytically  (2).  In  the  second  part 
the  jet  has  dissipated  and  mixing  takes  place  with  perhaps  a little 
burning.  Thus,  as  is  characteristic  of  the  mixing  of  two  streams  in  a 
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constant  area  duct,  the  static  pressure  rises.  In  the  last  part  the 
burning  of  the  fuel  becomes  the  dominating  factor  and  the  characteristic 
pressure  drop  with  energy  release  is  obtained.  Figure  2 represents 
the  same  operating  conditions  as  Figure  1 but  with  the  burning  suppressed. 
Here  one  again  notices  a small  section  in  vdiich  there  is  very  little 
nixing,  then,  after  the  breakdown  of  the  core  of  the  central  jet,  the 
characteristic  pressure  rise  due  to  the  mixing  of  the  rocket  exhaust 
stream  and  air  occurs.  These  curves  are  two  of  many  idiich  were  obtained 
using  ethylene  oxide  as  the  rocket  propellant.  Similar  curves  for 
mixing  and  burning  and  pure  mixing  have  been  obtained  with  methyl- 
acetylene,  The  burning  curves  with  both  fuels  are  similar  to  those 
obtained  using  a bipropellant  rocket  system  in  which  the  secondary 
energy  release  was  substantially  lower  than  that  obtained  with  the 
monopropellants  (3).  From  the  static  pressure  distributions  one  can 
readily  estimate  the  distance  required  for  the  completion  of  the  mixing 
and  burning  processes.  Attempts  are  being  made  to  apply  an  analysis 
similar  to  that  given  by  Charyk  and  Matthews  (i;)  to  the  axial  pressure 
data  in  order  to  calculate  the  rates  of  energy  release  through  the 
burner  and  to  determine  the  parameters  affecting  this  release. 

To  date  pure  mixing  runs  have  been  carried  out  over  air-fuel  mixture 
ratios  (R  ")  of  2 to  1$  for  both  ethylene  oxide  and  methylacwtylene.  Runs 

•Hr 

with  secondary  combustion  have  covered  an  R range  of  2 to  7.5  for 
ethylene  oxide  and  a limited  range  around  7 for  methylacetylene.  These 
ranges  are  now  being  extended. 

The  burning  ranges  covered  reflect  to  a degree  the  ease  with  which 
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secondary  combustion  can  be  initiated.  As  reported  last  time,  in  the 
preliminary  system  idiich  induced  its  own  air,  secondary  combustion  was 
always  spontaneous,  except  when  quenched  by  physical  means.  In  the  final 
installation  afterburning  could  be  initiated  onjy  >ri.th  some  secondary 
ignition  source.  Evidence  has  lead  to  the  belief  that  a new,  very  smooth 
opening  propellant  valve  and  a smooth  approach  flow  to  the  burner  are 
i'Cj;.ponsible  for  this  change  in  operating  conditions.  It  is  believed 
that,  starting  with  the  valve  previously  used,  some  raw  fuel  was  ejected 
through  the  rocket  v/ith  the  hot  deconposition  products.  The  ignition 
temperature  of  the  fuel  in  air  is  substantially  lower  than  any  of  the 
decomposition  products  and  secondary  combustion  is  facilitated.  This 
argument  has  been  substantiated  since  the  injection  of  raw  fuel  directly 
into  the  burner  proved  satisfactory  for  secondary  ignition. 

When  the  approach  section  to  the  burner  is  removed  and  the  rocket 
is  permitted  to  induce  its  own  air,  the  flow  entering  the  burner 
separates  from  the  wall.  It  would  appear  that  the  flow  detaching  fron 
the  wall  facilities  better  mixing,  causes  a more  suitable  fuel-air  ratio 
at  the  rocket  exit,  and  thus  creates  more  favorable  conditions  for 
ignition.  There  is  scxne  experimental  evidence  to  support  this  reasoning. 

In  the  ethylene  oxide  tests  the  injection  of  raw  fuels  sufficeo.  for 
secondary  ignition  up  to  R*'s  of  approximately  7.5»  Although  above  7.5 
the  flame  would  blow  out  of  the  burner,  this  is  not  the  limiting  air- 
fuel  ratio  for  operation.  It  is  characteristic  of  the  particular  piece  of 
experimental  equipment  used  that  an  increase  of  the  air  mass  flow  is 
accompanied  by  an  increase  of  burner  inlet  velocity.  The  rocket  or  fuel 
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mass  flow  is  normally  kept  constant.  Consequently^  since  the  blow  out 
limit  is  more  likely  a function  of  the  inlet  velocity,  the  rocket  mass 
flow  will  be  halved  to  extend  the  R*  range  of  operation.  Thus  the  rocket 
win  operate  at  aoout  $0  lbs.  thrust  instead  of  ths  normal  100  lbs. 
thrust* 

The  data  which  have  been  obtained  can  also  be  applied  bo  calculating 
the  performance  of  the  ram  rocket  power  plant.  Shown  in  Figxure  3 is  a 
comparison  of  a theoretical  and  e]q>8rimental  air  specific  lu^ulse  as  a 
function  of  aii“fuel  mixture  ratio  for  an  ethylene  oxide  system*  The 
efficiency  of  the  experimental  burner  over  the  range  covered  is  seen  to 
be  exceptional.  The  efficiencies  greater  than  100;^  in  the  very  rich 
region  (stoichiometric  for  ethylene  oxide  is  ?,8)  is  due  probably  to  the 
fact  that  the  calculated  theoretical  value  may  be  actually  higher  than 
shown.  The  theoretical  air  specific  impulso  is  a function  of  the 
temperature,  and  the  estimation  of  a true  theoretical  adiabatic  flame, 
tenperature  in  the  very  rich  region  is  doubtful.  As  further  results  are 
obtained  they  will  be  plotted  on  Figure  3 to  extend  the  con^lete  range. 

A similar  plot  will  be  constructed  for  the  data  obtained  on  methyl- 
acetylene. 

In  the  analyses  discussed  above  there  has  arisen  a need  for 
theoretical  specific  impulse  of  an  ethylene  oxide  rocket  operating  at 
various  charabei’  pressures.  In  numerous  plnces  in  the  literature  there 
appear  conflicting  inpulse  values,  \mich  are  due  partly  to  the  use  of  the 
incorrect  value  of  the  heat  of  formation  at  2i>°C  of  liquid  ethylene  oxide 
and  partly  to  the  equilibrium  decomposition  products  chosen.  In  a 
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relatively  low  temperature  reaction  as  in  the  ethylene  oxide  decomposition 
process  one  would  expect  to  find  carbon  as  a product*  h]q)erlmcntal 
operations  verify  however  that  in  the  processes  occurring  in  ethylene  oxide 
rockets  little  or  no  carbon  is  found  in  the  exhaust  gases*  It  seemed 
advisable,  therefore,  in  calculating  the  specific  impulse  of  ethylene 
oxide  rocket  motors  to  choose  as  the  products  cf  the  decomposition  reactions 
CO,  CH|^,  CO2,  K2O,  H2,  C2H|^*  Using  the  heats  of  formation,  equilibi'lum 
constants,  enthalpies,  and  heats  of  vaporization  from  the  latest  National 
Bureau  of  Standards  Circulars  (5,6)  and  carrying  out  an  adiabatic 
decon^sitlon  temperature  determination  for  ethylene  oxide,  it  was  found 
that  the  molai*  quantities  of  CO2,  O2,  and  H2O  present  in  the  decomposition 
products  were  negligible  and  could  be  neglected.  Shown  in  Tables  I and  II 
are  the  results  of  these  calculations* 


Tal>le  I 

Performance  of  Ethylene  Oxide  as  a Function  of  Pressure 


Pc 

Tc  °K 

M*  W* 

C* 

Isp 

Atms 

m./sec 

secs 

20 

1288 

21*15 

1.17U 

1169 

l59*h 

30 

1300 

21.26 

1.173 

H9li 

168.0 

Uo 

I3O6 

21*32 

1*172 

1196 

173.6 

60 

1312 

21*36 

1.171 

1197 

180*7 

Table 

II 

Products  of  Decomposition  Corresponding  to  Table 

I 

Pc 

Moles  CO 

Mcles  CH|^ 

Moles  H2 

Moles  C2H|^ 

20 

1*00 

0.8U 

O.lS 

0.08 

30 

1.00 

0*66 

O.lii 

0*07 

liO 

1*00 

0*87 

0*13 

0*07 

60 

1*00 

0*88 

0*12 

0*06 
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In  Table  I,  is  the  adiabatic  temperature  of  the  decomposition 
process,  c*  the  characteristic  exhaust  velocity,  P^,  the  chamber  pressure, 
the  ratio  of  mean  specific  heats  of  the  gas  mixture,  M.  W.  the  mean 
molecular  weight  of  the  gas  misture,  and  Jgp  the  specific  impulse 
calculated  assuming  frozen  equilibrium  and  one  atmosphere  exhaust  pressure* 
The  products  of  decon^josition  are  for  one  mole  of  reactant. 

During  the  next  period  the  range  of  operation  will  be  extended  to 
complete  the  work  on  both  ethylene  oxide  and  methylacetylene.  The 
analysis  of  the  static  pressure  of  distributions  will  be  completed  and 
all  data  reported  in  a final  report. 

References 

1.  ftroject  SQUID  Semi-Annual  Progress  Reports,  October  1951  to  present. 

2.  Warren,  W.  R.,  Jr.,  "The  Mixing  of  em  Axially  Symmetric  Conpressible 
Jet  with  Quiescent  Air,”  Princeton  University  Aero  Engr.  lab.  Report 
No.  2U3>  September,  1953. 

3.  Charyk,  J.  V,,  Glassman,  I.,  and  John,  R.  R.,  "The  Mixing  and  Burning 
of  Two  Concentric  Fluid  Streams,"  Fourth  Symposium  on  Combustion, 
Williams  and  Wilkins,  Baltimore,  1953. 

U.  Oiaryk,  J.  V.,  and  Matthews,  G.  B.,  "Experimental  Studies  of  Energy 
Release  Rates  in  Rocket  Motor  Combustion  Chambers,"  Princeton 
University  Aero.  Engr.  Lab.  Report  No.  191,  March,  1952. 

5.  National  Bureau  of  Stsuidards  Circular  C-ii6l,  "Selected  Values  of 
Properties  of  Hydrocarbons,  19ii7. 


7 


CONFIDENTIAL 


CC3JFIDEHTIAL 


Princeton 

6.  National  Bureau  of  Standards  Circular  $00, 
of  Cheiuical  Thermodynamic  Properties,  1950c 


Propulsion  Systems 
"Table  of  Selected  Values 


8 


CONFIDENTIAL 


9 


■\ 


Duct  Diameters  From  Rocket  Nozzle 


( 

< 


— o 


CONFIDENTIAL 


2 ^ 
K Ui 

gg 


N 

N 

O iO 


q> 

•4C 

rS 

0: 


^ Uj  ^ 

Ci:  S 5 

? 2 ^ 

CO  g 

^ ^ Uj 
Uj  Lu  Ci: 

^ 2 
cx.  Uj  o. 

Co 

5 uj 


<n 


^ ^ ^ 

C\j  to  »o 

I I I 


9SD9  Q S9U0Ui  - 9JnSS9J(J  OUD^S 


CONFIDENTIAL 


CONFIDENTIAL 


( 

1 


I 


12 

CONFIDENTIAL 


CONFIDENTIAL 


Semi -Annual  Progress  Report 


DISTRIBUTION  .1ST 


April  1,  1954 


f 


I 


* 


Parts  A,  B,  and  DP  of  the  Guided  Missile  Technioal  Information  Distribution 
List,  MML  200/4,  1 Maroh  1954 

1-  2 Princeton  University,  Forrestal  Research  Center,  Attnt  Librarian 
3-10  Project  SQUID  Headquarters  Office 
11-19  Chief  of  Naval  Researoh,  Code  429,  Washington,  D.  C* 

20  Director,  ONR,  New  York,  N.  Y. 

21  Director,  ONR,  Chicago,  Illinois 

22  Direotor,  ONR,  Pasadena,  California  

23  Director,  ONR,  San  Francisco,  California 

24-25  Commanding  Officer,  Office  of  Ordnance  Research,  Attm  Dr*  Killian 

26-27  National  Advisory  Committee  for  Aeronautics,  Attn*  Dr.  Rothrock 

28-29  Commanding  General,  Air  Research  and  Develc|ment  Command,  Attnt  Dr*  Forney 

30  Bxireau  of  Aeronautics,  Attnt  Dr*  Zirkind 

31  Bureau  of  Ordnance,  Attnt  Mr*  Tanczcs 

32  Hughes  Aircraft  Co. , Culver  City,  Calif* , Attnt  Mr.  W.  Wayman 

33  Turbo  Products,  Inc* , Pacoima,  Calif*,  Attnt  Mr*  J.  Golden 

34  O.S.R. , A.R.D.C.,  Western  Div*,  Pasadena,  Calif*,  Attnt  Dr.  Alperin 

35  Johns  Hopkins  University,  Attnt  Dr.  Clauser,  (Dieke,  Kovassnay) 

36  Bureau  of  Mines,  Attnt  Dr*  Burgess 

37  Atlantic  Researoh  Corporation,  Attnt  Dr.  Sourlook 

38  Experiment,  Inc*,  Attnt  Dr*  Mullen  II 

39-40  Chief,  BuAero. , Attnt  Power  Plant  Div.,  Ships  Install*  Div*,  Res*  Div* 

41  Purdue  Research  Foundation,  Attnt  Dr*  Zuorow 

42  Cornell  Aeronautical  Laboratory,  Attnt  H*  R*  Lawrence 

43  University  of  Delaware,  Attnt  Dr*  Shipman  (for  Wohl) 

44  Polytechnic  Institute  of  Brooklyn,  Attnt  Dr*  Libby  and  Yuan 

45  Mass.  Institute  of  Tech*,  Attnt  Drs*  Hottel,  Williams,  Keyes,  and 

Rohsenow 

46  Conmittee  on  Undersea  Warfare,  Mat*l.  Res*  Council,  Washington,  D*  U. 

47  Detroit  Controls  Corporation,  Redwood  City,  Calif*,  Attnt  P*  A*  Parirer 

48  Naval  Researoh  Lab*,  Washington,  D.  C*,  Attnt  Teoh*  Info.  Officer 

49  Officer-in-charge,  Office  of  Naval  Res*,  Navy  #100,  Fleet  P.  0*,  N.Y. 

50  Office  of  Naval  Research,  Resident  Representative,  Phila*  Pa* 

51  Applied  Physics  Lab.,  JHU,  Silver  Spring,  Hd. 

52  Office  of  Technical  Services,  Dept,  ef  Cqmroerce,  Washington,  D.  C* 

53  Calif.  Inst,  of  Tech*,  Dept,  of  Chem.  Eng.,  Pasadena,  Calif*, 

Attnt  Dr.  Sage 

54  Univ.  of  Michigan,  Eng.  Res.  Inst*,  Ann  Arbor,  Mich*,  Attnt  Dr*  Morrison 

55  NACA,  Lewis  Flight  Propulsion  Lab*,  Cleveland,  Ohio,  Attnt  Mr*  Fei-'r-nro 

56  Commander,  U.  S.  Naval  Proving  Ground,  Dahlgren,  Va.  (Ordnanoe  Officer) 

57  Mr.  R.  J*  Woodrow,  Contracting  Officer,  Princeton  University 

58  Mathiesor  Chem*  Corp. , Res,  Dept*,  Niagara  Falls,  N.  Y*,  Attn:  Dr.  Clark 


13 


. CONFIDENTLAL 


